Context: Thyroid cancer is usually cured by timely thyroidectomy; however, the treatment of patients with advanced disease is challenging because their tumors are mostly unresponsive to conventional therapies. Recently, the malignancy has attracted much interest for two reasons: the dramatic increase in its incidence over the last three decades, and the discovery of the genetic mutations or chromosomal rearrangements causing most histological types of thyroid cancer.
T he incidence of thyroid cancer has risen sharply over the last three decades, especially in developed countries. In the United States, the incidence is increasing at a more rapid rate than that of any other malignancy. It is estimated that there will be 60 220 new cases of thyroid cancer in the United States in 2013, with a 3-fold higher frequency in women (1) . The increase, almost all due to papillary thyroid carcinoma (PTC), was initially thought the result of more frequent use of diagnostic medical imaging such as ultrasound, computed tomographic scans, and associated fine-needle aspiration biopsy. Other investigators, however, have questioned this hypothesis, noting that the increased incidence involves PTCs of all sizes and clinical stages, raising the question of whether environmental or other as yet undefined factors account for the increase (2) (3) (4) . Intriguingly, there has been a substantial change in the prevalence of genetic mutations in PTCs over the last few decades, supporting the possibility of a vari-ation over time in the underlying etiological factors (5) . This review addresses the treatment of thyroid cancer patients with a class of drugs referred to as kinase inhibitors (KIs), which include small molecule KIs directed against tyrosine kinases and less often serine/threonine kinases. These drugs target specific oncogenic proteins bearing structural alterations present in tumor cells but not normal cells. This is in contrast to cytotoxic chemotherapeutic agents, which attack specific molecular targets (such as RNA and DNA, topoisomerase II [anthracyclines], or microtubules [taxanes]) in normal cells as well as tumor cells.
Classification of Thyroid Cancer
Thyroid cancers derived from the follicular cells represent a biological and clinical spectrum ranging from the differentiated thyroid carcinomas (DTCs), PTC, and follicular thyroid carcinoma (FTC) to poorly differentiated thyroid carcinoma (PDTC) and anaplastic thyroid carcinoma (ATC) (6, 7) . There is a great range of biological aggressiveness among these cancers, perhaps more so than with any solid organ malignancy. The 25-year cause-specific survival is 95% for patients with PTC and 66% for patients with FTC (8) . The 10-year survival in patients with PDTC is approximately 40%, and ATC is virtually incurable, with a median survival of 4 -12 months from the time of diagnosis (9) .
Medullary thyroid carcinoma (MTC) arises from the neural crest-derived parafollicular C cells of the thyroid and accounts for 3-5% of thyroid cancers. Most often, MTC occurs sporadically, but in 25% of cases it is hereditary, presenting as multiple endocrine neoplasia (MEN) type 2A (ϳ80%), MEN2B (ϳ5%), or familial MTC (ϳ15%). Treatment of MTC at an early stage is associated with a 25-year cause-specific survival of 80%; however, 10-year survival is less than 50% in patients with distant metastases (8, 10) . The prognosis is especially favorable in family members with hereditary MTC who are diagnosed by direct DNA analysis and treated by early thyroidectomy before MTC develops or while it is still confined to the thyroid gland (11) .
The Molecular Genetics of Thyroid Cancer
Over the last three decades, advances in molecular biology and biotechnology have markedly changed the management of many types of cancer. The emergence of nextgeneration DNA sequencing enabled the identification in liquid and solid tumors of somatic or germline mutations or chromosomal rearrangements driving oncogenesis. Figures 1 and 2 highlight the major signaling pathways and the most common mutations in thyroid cancers originating from follicular or parafollicular cells (12) . These mutations are the basis for the design of clinical trials of KIs in thyroid cancer.
Mutations or chromosomal rearrangements in the MAPK and phosphatidylinositol 3-kinase (PI3K)/AKT pathways cause the most common forms of thyroid cancer. For example, 70% of PTCs have mutually exclusive activating point mutations of HRAS, KRAS, NRAS, or BRAF, or chromosomal rearrangements of genes encoding the receptor tyrosine kinases RET (REarranged during Transfection) or NTRK1, named RET/PTCs or TRK-Ts, respectively (13) . The most common mutation, BRAF
V600E
, is present in 40 -50% of PTCs, including 10 -15% of follicular variant PTCs, 60% of classic PTCs, and greater than 90% of tall cell variant PTCs. The mutation does not occur in benign thyroid nodules or other histological types of thyroid cancer, except for PDTCs and ATCs derived from PTCs. Mutations in HRAS, KRAS, or most commonly NRAS occur in 25% of FTCs, 15% of PTCs (almost always the follicular variant of PTC), and 20 -40% of fol- leading to the oncogenic conversion of receptor tyrosine kinases (RTKs) RET or NTRK1. In follicular-cell derived thyroid cancers overall, most of the other mutations target either the "MAPK" (gain-of-function mutations in RAS or BRAF) or the "AKT" (gain-of-function mutations of PI3K or AKT or loss-of-function mutations of PTEN) arm of the RTK signaling cascade. Gene rearrangements of the PPAR␥ nuclear receptor (to PAX8 or less commonly to CREB3L2) represent another genetic lesion commonly (ϳ35%) found in FTC; this is not represented here because it appears to be functionally distinct (targeting transcriptional regulation rather than cytoplasmic signal transduction) from the other reported lesions. In most cases, parafollicular cell-derived thyroid cancers (MTC) feature, in a mutually alternative fashion, activating point mutations of RET or RAS. Familial MTC is virtually always caused by germline RET mutations. licular adenomas (FAs). BRAF V600E mutations are present in approximately 15% of PDTCs. ATCs may share RAS and BRAF mutations with PTC and FTC. Most ATCs have mutations in p53 and CTNNB1 (B-catenin) (14) . Very recently, mutations in the telomerase (TERT) promoter were identified in thyroid cancer, mainly in ATC (15) .
Chromosomal rearrangements are a characteristic feature of PTC. In the most common rearrangements, RET/ PTCs, there is a fusion of the 3Ј-terminal portion of RET, coding for the tyrosine kinase domain, and the 5Ј-terminal sequence of unrelated genes, leading to constitutive activation of RET kinase. There have been several RET/PTC rearrangements reported, the most common being RET/ PTC1 and RET/PTC3 (16) . The prevalence of RET/PTC in PTC ranges from 20 -40%, partly depending on geographic variability and the known higher incidence of these rearrangements in children and older individuals subjected to radiation exposure, particularly at an early age (17, 18) . Other less common rearrangements in PTC associated with radiation exposure include the AKAP9/ BRAF fusion, the PAX8/PPAR␥ fusion, and others (19 -21) . The PAX8/PPAR␥ fusion most commonly (10 -65%) occurs in FTCs and in 0 -50% of FAs, depending on the methodology and the number of tumors studied (22, 23) . The FTC developing in patients with Cowden's syndrome features loss of the tumor suppressor gene, phosphatase and tensin homolog (PTEN) (24) .
The mutational profile of metastatic DTCs is characterized by enrichment of mutations in PI3KCA and AKT1, which has important implications related not only to prognosis but also to the design of therapeutic regimens for patients with advanced disease (25) . The progression of DTC to PDTC and ATC is most likely the result of additional genetic mutations developing after the primary oncogenic event, which provide the tumor with a more aggressive growth initiative. Alternatively, the cancer phenotype may be dictated by the differential nature of the stem cells capable of initiating PTCs, FTCs, and ATCs (26) .
In a recent molecular study of 27 Hurthle cell tumors, classified by the World Health Organization as an oncocytic variant of FTC, there were no mutations detected in BRAF, PI3KCA, or PTEN and no rearrangements in RET/PTC or PAX8/PPAR␥, although three patients had a RAS mutation (27, 28) . The global copy number alterations in Hurthle cell tumors, primarily large regions of gain on chromosomes 5, 7, 12, and 17, were quite different 
Conventional Treatment of Patients With Thyroid Cancer
Total thyroidectomy, with or without resection of lymph nodes in the central neck or the lateral neck, is the primary treatment for patients with DTC, PDTC, MTC, and ATC (if technically feasible). After thyroidectomy, patients receive maintenance levothyroxine. Patients with DTC and PDTC who have persistent disease, or are at high risk for recurrent disease, are treated with radioactive iodine. Only 25% of patients with advanced DTC or MTC respond to single agent or combinatorial cytotoxic chemotherapy, and responses are characterized by partial remissions of short duration and significant toxicity (32, 33) . However, regimens of chemotherapy combined with molecularly targeted therapeutics have shown efficacy in other tumors, examples being the combination of the epidermal growth factor receptor (EGFR) antibody, cetuximab, with irinotecan in patients with metastatic colon cancer and the combination of the human epidermal growth factor receptor 2 (HER2) KI lapatinib with capecitabine in patients with advanced breast cancer (34 -36) . Similar approaches are being initiated in patients with thyroid cancer. Cytotoxic chemotherapy consisting of taxanes, anthracyclines, or platin, combined with external beam radiation therapy, preferably intensity-modulated radiation therapy, may offer benefit in selected patients with ATC and in some patients with advanced PDTC (37) . No prospective randomized trials of systemic chemotherapy, molecularly targeted agents, or vascular stabilizing agents have shown prolonged survival or improvement in quality of life in patients with ATC (37) . The primary use of external beam radiation therapy in patients with advanced DTC or MTC is to treat isolated metastases, especially of bone or brain.
The Introduction of Molecular Targeted Therapeutics for Patients With Advanced Stage Malignancies
The discoveries of the genetic mutations and chromosomal rearrangements causing various cancers stimulated the pharmaceutical industry to develop small molecule inhibitors, rationally designed to block specific targets, most commonly protein kinases. The rationale was that KIs would exploit the state of "oncogene addiction," whereby cancer cells depend upon the constitutive activation of an oncogene for maintenance of their malignant phenotype (38) . This new class of drugs was thought to have distinct advantages over cytotoxic chemotherapy due to the selective rather than general effect on the body's cells. Generally, this proved to be true, although the selective effect was relative because most KIs target more than one protein and their associated toxicity can be appreciable, especially if two KIs with overlapping target profiles are administered simultaneously. Generally, the KIs have been well tolerated, and adverse events have been managed, either by treatment of symptoms or by dose alterations. The long-term effects of individual KIs are unknown, and significant late toxicity, if evident, may limit clinical utility.
The first successful treatment of a malignancy based on targeting a mutant oncoprotein kinase was in BCR-ABL, Philadelphia chromosome positive, chronic myelogenous leukemia (CML), where the tyrosine KI, imatinib, induced complete cytogenetic responses at 60 months in 87% of patients (39) .
The Efficacy of KIs in Patients With Advanced Thyroid Cancer
The studies with CML gave hope and even expectation that effective KIs could be developed for other liquid and solid tumors where the initiating oncogenic event was known and targetable. Armed with an arsenal of promising small molecule therapeutics, clinical oncologists initiated clinical trials to evaluate specific drugs in patients with a number of advanced malignancies. The results, however, have been less impressive than those seen with CML, the characteristic responses being partial remission of growth or stable disease for variable time periods followed by tumor progression.
Based on observations in preclinical studies, clinical trials of KIs were initiated in patients with advanced PTC, FTC, PDTC, and ATC. Almost all trials evaluated a single drug, and typical responses were partial remissions, ranging from 0 to 63%, or stable disease (as determined by response evaluation criteria for solid tumors [RECIST] (40 -65) (Tables 1-4) . Until this year, the U.S. Food and Drug Administration (FDA) had approved no KI, alone or in combination with another therapeutic, for treatment of patients with advanced PTC, FTC, PDTC, or ATC. Recently completed, however, was a double-blind, randomized, phase III trial evaluating the efficacy and safety of the KI, sorafenib, in patients with progressive, locally advanced or metastatic 131 I refractory DTC. There was a statistically significant improvement in progression-free survival (PFS) of patients treated with sorafenib, compared to placebo, leading to FDA approval of sorafenib for patients with advanced DTC (Table 4) (66, 67) .
There are significant preclinical data supporting the efficacy of combinatorial therapy in patients with DTC and MTC. The simultaneous administration of PI3K and MAPK kinase (MEK) inhibitors has shown efficacy in the treatment of PI3K-and RAS-mutant cancer models (68) . Concurrent genetic alterations in the RAS/BRAF/MAPK and PI3K/AKT/mammalian target of rapamycin (mTOR) signaling pathways are common in aggressive thyroid carcinomas, and mutated RAS and PTEN strongly cooperated in vivo, driving formation of aggressive thyroid carcinomas in a conditional transgenic mouse model (25, 69 -72) . Consistently, several reports demonstrate efficacy of combined inhibition of RAS/BRAF/MAPK and PI3K/AKT/mTOR pathways in preclinical thyroid cancer models. Dual targeting of MEK (AZD6244) or BRAF (PLX4032) with AKT (MK2206), or MEK (RDEA119, AZD6244) with mTOR (temsirolimus, rapamycin) showed potent synergism in thyroid cancer cells, including ATC cells (73) (74) (75) . Similarly, combination of a PI3K/mTOR KI (NVP-BEZ235) with a multitargeted KI (RAF265), inhibiting vascular endothelial growth factor receptor 2, RET, and RAF kinases (RAF265), was effective against DTC and MTC cell lines both in vitro and in mouse xenografts (76) . In RET mutant MTC cells, a MEK KI, AZD6244, synergized with a multikinase KI with activity against RET (sorafenib) and was able to prevent rebound ERK phosphorylation upon RET inhibition (77) . Finally, mTOR pathway activation is common in human MTC, and combined targeting of RET (AST487) and mTORC1/mTORC2 kinases (INK128) not only suppressed growth but also killed RET mutant MTC cells (78, 79) .
A recent novel approach in clinical trial design demonstrated the ability of the KI selumetinib to reverse refractoriness to radioactive iodine therapy in patients with DTC (57, 65) . Treatment was based on 124 I positron-emission tomography, performed before and after 4 weeks of selumetinib, to quantify that iodine uptake in tumor cells was sufficient to administer the subsequent desired dose of 131 I. Redifferentiation in response to selumetinib was successful in 12 of 20 patients, eight of whom while receiving selumetinib were treated with 2000 cGy or more of 131 I. There were confirmed and prolonged partial remissions in five patients and stable disease in three patients associated with an 89% mean reduction in thyroglobulin levels. The brief exposure to selumetinib before 131 I treatment is a particular appeal of this regimen (65) . The results of this study are the basis for a larger clinical trial evaluating this therapeutic regimen in patients with DTC.
Clinical trials of KIs in patients with ATC have been discouraging and were characterized by either a lack of responses or infrequent responses, few of which met RECIST criteria for partial or complete remissions ( Table  3) . The low response rates are almost certainly due to the lack of a targetable mutation in ATC cells and the markedly increased growth rate of most of the cells. In a recent case report, a patient with a rapidly progressive ATC, which contained a BRAF V600E mutation, experienced a near-complete response after 4 weeks of vemurafenib, a selective mutant BRAF KI (80) .
Clinical trials of vascular destabilizing agents, either alone or in combination with chemotherapy, have shown little efficacy in patients with ATC; however, it is of interest that there have been rare cases of complete remissions for prolonged periods (81) (82) (83) (84) . With single agent KIs showing minimal efficacy in patients with ATC, investigators explored in preclinical models the therapeutic possibilities of combinatorial therapy with one or more KIs or a KI combined with a chemotherapeutic agent. For example, the dual PI3K/mTOR inhibitor NVP-BEZ235 (BEZ235) showed efficacy as a single agent in thyroid cancer cells, and a combination of BEZ235 and paclitaxel demonstrated synergistic effects against ATC in vitro (85). Similarly, the combination of imatinib and docetaxel significantly enhanced apoptosis of ATC cells compared to treatment with either single agent (86) . Also, preclinical studies in ATC cellular models demonstrated efficacy, either alone or in combination, of targeted agents of classes other than KIs such as all-trans-retinoic acid, the proteasome inhibitor bortezomib, histone deacetylase inhibitors, and peroxisomal proliferator-activated receptor-␥ (PPAR-␥) agonists (87) (88) (89) (90) (91) .
Although pazopanib, a multikinase inhibitor, induced no RECIST responses in patients with ATC, recent preclinical studies exploited combinations of this drug with agents of different classes in ATC models (62, 92) . A series of studies demonstrated efficacy of KIs against aurora family kinases in ATC cells and pazopanib, with activity against vascular endothelial growth factor receptor and aurora A kinases, and produced synergistic antitumor effects in ATC models when combined with the microtubule inhibitor, paclitaxel, an effect that was attributed to its aurora A inhibitory activity (93) (94) (95) . A proof-of-concept of the validity of this approach was obtained in an ATC patient (92) . These data served as the basis for an ongoing clinical trial [Radiation Therapy Oncology group 0912, "A Randomized Phase II Study of Concurrent Intensity Modulated Radiation Therapy (IMRT), Paclitaxel and Pazopanib (NSC 737754)/Placebo, for The Treatment of Anaplastic Thyroid Cancer"] (96). Another promising therapeutic regimen combined paclitaxel with efatutazone (RS5444), a highly potent agonist of PPAR-␥. In preclinical studies, efatutazone inhibited ATC cell proliferation by up-regulation of RhoB and p21 and potentiated apoptosis when combined with paclitaxel (87, 97) . In a recent phase I trial of patients with advanced ATC, this combinatorial regimen was found to be safe and feasible. Furthermore, one of 15 patients achieved a durable response, and five patients had stable disease (98) .
Phase II clinical trials of several KIs in patients with advanced MTC have also shown partial remissions ranging from 0 to 50% (Table 2) . Recently, a phase III prospective, randomized, placebo-controlled, double-blind clinical trial of vandetanib, a multitargeted KI, in patients with locally advanced or metastatic disease demonstrated significant improvement in PFS, compared to placebo (51) . The FDA approved vandetanib for the treatment of patients with advanced MTC and has since approved a second KI, cabozantinib, after a phase III study also demonstrating significant improvement in PFS compared to placebo (64) .
Rather than review the experience with individual clinical trials of various KIs in thyroid cancer, the reader is referred to recent excellent articles on the subject (99 -101). A major focus of the pharmaceutical industry has been and will continue to be the development of KIs that bind to a specific target with great avidity and minimal associated toxicity. With the "one drug one target" approach, however, it is unlikely that any single KI will be curative because multiple interconnected pathways are active in cancer cells, and blockade of a single node in a network will result in compensatory activation of other pathways, thereby overcoming drug effects (102) . Understanding the activation of alternate pathways is key to developing effective combinatorial therapy for patients with thyroid cancer.
Challenges Facing Clinical Investigators Seeking to Develop More Effective Therapeutics for Thyroid Cancer
We have reached a plateau in the treatment of patients with advanced thyroid cancer, and most of the "low hanging fruit" has been plucked (103) . The stark reality is that regardless of the initial response to a single KI, acquired drug resistance ultimately develops, leading to disease progression and death. Molecular studies of tumor cell lines, tumor xenografts, and tumor and matched normal tissues collected from patients participating in clinical trials of KIs will be fundamental to understanding the mechanisms of resistance and to the development of more effective combinatorial therapy. Unfortunately, to date serial tumor and normal tissue samples have been collected infrequently, if at all, from patients participating in clinical trials of KIs.
Overcoming mechanisms of resistance to KIs
We have little understanding of the mechanism(s) of resistance developing in thyroid cancers treated with a KI; however, it is instructive to review what has been learned from studies of other malignancies that feature driver oncogenic mutations targeting protein kinases similar to those found commonly in thyroid cancer. Overall, there are two major types of resistance to KIs, depending on whether it is present before treatment ("primary" or "innate" resistance) or it develops after an initial response to treatment ("secondary" resistance). In both cases, underlying molecular mechanisms can be mutational or nonmutational but are based on a rewiring of intracellular signaling or gene transcription mechanisms (102) . A prototypical example of resistance formation to a KI is represented by CML, where resistance is due most often to secondary point mutations in BCR-ABL (particularly in the so-called "gate-keeper" T315 residue) that prevent imatinib binding to the ABL kinase. Less often, resistance is due to genomic amplification of BCR-ABL, the development of secondary clonal abnormalities, constitutive activation of downstream signaling molecules, or insufficient plasma levels of imatinib, either due to increased binding proteins or to pharmacokinetic variability (104) . It is worth mentioning that RET mutations targeting the V804 residue corresponding to ABL T315 confer resistance to the RET KI, vandetanib, in vitro and thus may mediate resistance to this KI in patients with MTC (105) .
Alternatively, secondary resistance to KIs can be driven by second-site mutations. These mutations target signaling components that typically function either parallel to or downstream from the drug target, thereby bypassing drug effects. For instance, secondary resistance of colorectal cancer patients to cetuximab (a monoclonal antibody directed against the EGFR tyrosine kinase) involves secondary mutations in KRAS (106, 107) . Similarly, secondary resistance of lung adenocarcinoma cells to EGFR KIs includes not only second-site EGFR mutations (primarily in the T790 residue corresponding to T315 in ABL), but also amplification of the MET kinase and mutations in the downstream RAS, BRAF, or PIK3CA genes (108) . It is noteworthy, that these same mechanisms of resistance may exist in both lung and colorectal cancer cells even prior to treatment (109, 110) .
Based on the high prevalence of the BRAF V600E mutation in PTCs and in a fraction of ATCs, the results of treatment with the BRAF KI, vemurafenib, in patients with BRAF mutant melanoma and colon cancer are particularly instructive. In a clinical trial of vemurafenib in patients with BRAF V600E -mutated melanomas, the overall response rate exceeded 70% and lasted for more than 7 months before resistance developed (111) . Thus, BRAF V600E mutant melanomas are primarily sensitive to a BRAF KI. Conversely, melanomas bearing only wildtype BRAF alleles are primarily resistant to a BRAF KI because they paradoxically activate RAF proteins and MAPK signaling, thereby inducing vigorous cellular proliferation (112) . However, even if initially responsive to vemurafenib, BRAF V600E mutant melanomas develop secondary resistance through mechanisms including: overexpression of PDGFR␣ and IGF-1R receptors, secondary NRAS and MEK1 mutations, overexpression of the serine/ threonine kinase COT, expression of a drug-resistant splicing variant of the BRAF V600E kinase, as well as noncell autonomous mechanisms, such as exposure to tumor stromal-derived hepatocyte growth factor (113) (114) (115) (116) (117) . Differently from melanoma, BRAF V600E -mutated colorectal cancer features primary resistance to a BRAF KI, and treatment with vemurafenib is relatively ineffective. Mechadoi: 10.1210/jc.2013-2622 jcem.endojournals.orgnistically, the inhibition of BRAF relaxes a negative feedback loop that normally suppresses the activity of EGFR, a receptor that is abundantly expressed in colon cells but not in melanocytes. The released EGFR activates RAS, which induces the formation of RAF protein dimers, against which vemurafenib is ineffective (118) . These findings suggest that advanced BRAF V600E -mutated colorectal carcinomas would respond to a BRAF inhibitor, such as vemurafenib, combined with an EGFR inhibitor, such as the kinase-targeted antibody cetuximab or the KI gefitinib (119) . Importantly, a similar mechanism was demonstrated in vitro in BRAF V600E -mutant thyroid carcinoma cells that rapidly adapted to treatment with BRAF KIs, secondary to induction of EGFR-family members HER3 and HER2. Importantly, the HER2/HER3 inhibitor lapatinib restored sensitivity to BRAF blockade, highlighting the importance of these studies in the design of logical combinatorial regimens (120) .
The foregoing examples emphasize the marked variability in response to the same KI in three different epithelial tumors with the same BRAF V600E mutation and demonstrate the marked variability and tissue specificity in mechanisms of resistance (104, 121) . These studies also demonstrate that assays to identify phosphorylation of receptor tyrosine kinases or other signaling proteins may be deceptive because the design of effective combinatorial therapies will depend on a thorough understanding of the lineage-specific determination of response to specific KIs (120) . Finally, this spectrum of studies serves to elucidate how molecular analysis of tumor cells can clarify the causes of treatment failure, information of great value in the development of subsequent generation KIs and the design of effective combinatorial therapy. For instance, in the case of CML, understanding mechanisms of resistance to imatinib was critical to the development of dasatinib, nilotinib, and bosutinib, second-and third-generation KIs with activity against all known imatinib-resistant mutations except T315I (104, 123) . More recently ponatinib, a potent inhibitor of BCR-ABL and known resistant mutants, including T315I, was approved by the FDA for the treatment of CML (124) . The current question in patients with CML is whether any single agent should be used as first-line therapy or, alternatively, whether a combination of drugs should be administered (and in what sequence) in an attempt to prevent outgrowth of resistant cells. There are early examples of the effectiveness of combined imatinib and nilotinib in the treatment of patients with imatinib-refractory blast phase CML who were initially unresponsive to, or could not tolerate, either agent alone (125, 126) .
Dealing with tumor heterogeneity
Cancers are regarded as "ecosystems" of evolving clones, according to a Darwinian-like process of somatic evolution, and may therefore feature spatial mutational variation within different regions of the same tumor (127, 128) . Intratumor genetic heterogeneity is a common feature of solid malignancies, with some genetic alterations presenting as subclonal events displayed only by a fraction of cells within the tumor. Such heterogeneity leads to a sampling bias and errors in interpretation of mutational data from a single tumor biopsy. Moreover, intratumor heterogeneity is particularly relevant to KIs. On one hand, it facilitates the development of resistance to a KI, where treatment induces selective pressure leading to the emergence of drug-resistant malignant cell clones. On the other hand, the presence of a specific oncoprotein in a minority of cancer cells, rather than the majority, would argue against using KI-based therapies directed against that particular oncoprotein (129) . It follows that it is important to analyze at high resolution multiple biopsies from the primary tumor and metastases to ascertain the homogeneity of a given mutation in the tumor mass. This not only confirms the existence of heterogeneity but also may provide useful information regarding disease progression, prognosis, and response to therapy. For example, the molecular analysis of serial biopsies of Barrett's esophagus, a premalignant condition, defines a pattern of heterogeneity predictive of progression from a benign state to esophageal carcinoma (130) .
The homogeneous or heterogeneous presence of some oncogenic mutations in thyroid cancer is still a matter of debate. However, it is important to consider that varying results of studies may be due to differences in the sensitivity or specificity of analytical techniques. Some studies have questioned the clonal nature of the BRAF V600E mutations in PTC, showing that a BRAF mutation is frequently an oligoclonal event (131, 132) . Instead, a recent study using both immunohistochemistry and mass spectrometry genotyping demonstrated homogeneous staining for mutated BRAF protein in the vast majority of thyroid cancer cases, pointing to BRAF V600E as a clonal event in thyroid cancer (133) . Similarly, another study applying next-generation sequencing found that in PTC, the BRAF mutant allele frequency was consistent with a 36 -88% fraction of cells with a heterozygous mutation, therefore supporting its clonal nature. The frequency of BRAF mutant alleles was lower in individual ATC samples, with the frequency of a mutant allele varying from 5 to 38% (134) . The clonal nature of the BRAF mutation fits with preclinical evidence showing that, in both constitutive and conditional transgenic mice, BRAF V600E expression in thy-roid follicular cells is able to initiate thyroid carcinogenesis (135, 136) . A number of studies reported a heterogeneous distribution of RET/PTC rearrangements within individual PTCs. In particular, by applying several methodologies with different sensitivity, Zhu and colleagues (137) proposed to subclassify PTCs in samples bearing clonal, subclonal, or nonclonal RET/PTC, thereby underscoring the importance of calibrating RET/PTC detection sensitivity to justify application of RET/PTC-targeted therapy. In the first group of tumors ("clonal RET/PTC"), most cells were positive for the rearrangement, these tumors being expected to respond to RET/PTC-targeted therapies. The second group of tumors had "subclonal RET/PTC," present only in a minor portion of tumor cells. Finally, the third group of tumors had "nonclonal RET/PTC," present only in a minute fraction of cells within the tumor, making it unlikely that these tumors would respond to RET/PTC inhibitors (137) .
As far as RET mutations in MTC, a recent next-generation sequencing study found that allelic frequency of RET mutations varied from 39 to 46% (78 -92% of cells with heterozygous mutations) and allelic frequency of RAS mutations varied from 34 -47% (68 -94% of cells with heterozygous mutations) (134) .
The Goal of Personalized Medicine in Thyroid Cancer
The concept of personalized medicine can be applied to patients with cancer, and thyroid cancer in particular, considering the causal mutations described in the various types of tumors and the specific KIs that already have demonstrated varying degrees of efficacy in clinical trials. The treatment of patients with advanced disease presents a complex problem as new mutations are acquired as the tumor spreads from the primary to regional and distant sites. These mutations will not necessarily be the same in different patients with tumors of the same histology, and it may be challenging to detect them by standard sequencing techniques. However, characterization of the mutational profile is critical in the design of treatment with either single agent or combinatorial therapy. Questions arise regarding the practicality of such a personalized approach, pertaining both to the time required for the molecular analysis and the cost. Two pilot studies have addressed this issue.
In the first study, 86 patients with refractory metastatic cancer from nine centers had tissue samples submitted centrally for molecular profiling (MP) in two formats: formalin-fixed tissue blocks for immunohistochemistry and fluorescent in situ hybridization assays, and fast-frozen tissue for oligonucleotide microarray gene expression assays. All studies were performed in a Clinical Laboratory Improvement Amendment-approved laboratory. The MP approach was deemed beneficial if the individual patient had a PFS greater than 1.3 times the length of the PFS on prior therapy. In 84 of 86 patients, a molecular target was identified, and 66 patients were treated according to MP results. Eighteen (27%) of the 66 patients had a longer PFS compared to the immediately prior regimen on which they had experienced progression (138) .
In a second pilot of two patients, fresh tumor tissues were thoroughly analyzed by: paired-end whole-genome sequencing, targeted exome sequencing, and paired-end transcriptome sequencing (139) . Results of molecular studies were available within 24 days of biopsy at a cost of $3,600. A mock tumor board of specialty oncologists evaluated the results and considered therapeutic regimens that might benefit the patient. Analysis of molecular data from a patient with colorectal cancer revealed findings of biological interest but clinical insignificance, whereas analysis of a second patient with melanoma showed a mutational profile that would qualify her for an upcoming clinical trial (139) . Thus, for patients with advanced stages of cancer, it is possible to obtain informative tumor genotyping at a reasonable cost and in a time frame that allows decision-making. There are issues with such studies related to informed consent, patient attrition, computational analysis of data, and interpretation of results. The most significant problem seems to be whether or not a clinical trial of a specific small molecule therapeutic would be available for a patient with a specific mutation (139) . This matter is highly important considering the inefficiency of current cancer therapies, which benefit a minority of patients at an enormous cost.
Future Directions in the Treatment of Thyroid Cancer
Clinical investigators have also considered therapies directed at cancer-associated mechanisms other than oncogene addiction, such as: the identification of synthetic lethal drug combinatorial therapy, primarily through technology such as RNA interference screening using functional cell models, high throughput screens with chemical libraries, and RNA interference libraries in combination with chemical inhibitors (140) . There have also been significant advances with cancer vaccines, as exemplified by studies in patients with melanoma and prostate cancer (122, 141) . Altogether, these approaches hold great promise for the treatment of many cancers, especially thyroid cancer where most of the driving oncogenic events are doi: 10.1210/jc.2013-2622 jcem.endojournals.orgknown and druggable. Investigators involved in this emerging era of genomic medicine will face great challenges; however, the possibility of markedly improving the treatment of patients, and perhaps curing some of them, is real and is worth a commitment to the effort.
